For Z 1 molecules constructed from first row elements of the Periodic Table computations of the diamagnetic susceptibility and the nuclear magnetic shielding constants are reported. The method used is a gauge invariant approximation to the gauge dependent "uncoupled" perturbation theory in the Hartree-Fock scheme; the groundstate description considered is provided by the best limited MO functions.
I. Introduction
The basic quantummechanical formulation of the diamagnetic properties of molecules proceed via second order perturbation theory 1 . The original approaches 2 use Rayleigh-Schrödinger perturbation calculus and express the second order energies E2
a )EZ=-B%B, h)E°2 = BaiLN (1)
(Xzv being the nuclear dipole, B the external field, £ and a the susceptibility and shielding tensors respectively, as infinite series, which appear, except for the trivial case of atoms, not to be susceptible of actual evaluation. There have been two perturbation variation stu-
II. Theoretical Remarks
We are going to use a simple pictorial language to describe the effects exerted by an external magnetic field upon a diamagnetic system, which by definition here is a system without permanent moment. The (static) field B is said to produce, when switched on, a classical Faraday effect in the electronic charge cloud of the (Born-Oppenheimer) molecule, described by the occurrence of a current density distribution proprotional to the field. This current in turn gives rise to an induced secondary field distribution over the range of the electron cloud, particular values of which are seen by the nuclei. They experience thus an alteration of the external field, the nuclear shielding measured in NMR experiment. A second consequence is the appearance of an induced moment of the entire molecule, whose sign is still a subject of investigation 5 .
Let
denote the current density induced in the space fixed molecule by an external field along the cartesian coordinate a, then classical relations may be used to give: (2a) (2b) (Giorgi units), for the tensor elements of the molar susceptibility and the shielding at the position R.
As all the formulas displayed may be converted by some calculus and changes in notation into the more abstract quantummechanical constructs 6 we are entirely authorized to use a classical language.
The main lines of analysis and a first application to the hydrogen molecule have been given elsewhere 7 ; the presence of more than two electrons requires a nontrivial extension however. We shall limit us to the closed shell case of the Hartree-Fock approximation.
Much of the work done on the linear magnetic response of molecules may concisely be summarized by and derived from the steady state condition div j = 0 .
We treat the one electron case first. Let A denote the vectorpotential of a given homogeneous field B, W the wavefunction, the orbital of the electron, when the field is present
and 0 the (real) wavefunction of the electron of the free system. The current density is written as
y = e/m; e, m: charge and mass of the electron.
We are interested only in that part of the currents, which are proportional to the applied field. Then:
A) Assume, that there is a gauge function / for A that allows to write:
with: n = \ 0| 2 . Equation (3 a) reads now
determining / if boundary conditions are specified. Precisely the same equation follows within the framework of the semiclassical Thomas-Fermi model 7 > 8 . B) Comparison of the Eqs. (6) and (5) shows that f ~ b/0, i. e. the imaginary part of the wavefunction defines a gauge transformation appropriate to the orbital geometry, supposing here 0 =¥ 0 always. Equation (3a) gives now:
C) Equation (3 c) is nothing but the first order perturbation problem for the Hamiltonian: from the zero order equation into:
we are back to Eq. (3c). D) Writing the perturbed part of the orbital as being proportional to the unperturbed part is sometimes referred to as the /-function technique 5 ' 9 . With Eq. (7) and f ~ bl@ this formulation again is an expression of the steady state condition. The equivalence of this technique and the gauge transformation theories has been noticed in the literature 5 .
To the different formulations there exist variational principles which physically mean the minimization of the magnetic second order energy, which is the energy of the induced moment in the external field. Equation 
u 4= 0 and square integrable, but arbitrary otherwise, and similarly:
g being to be determined. Then:
and
The quantity in brackets, Q, does diverge at the nuclei only as does A0/0, the local kinetic energy density. This method will be referred to as the ^-function technique. F) There exists a closely related variation problem for the phase of the wavefunction 10 -11 , which to use is less direct, as the complete phase in general is a many-valued function connected wdth the structure of angular momentum; this many-valued part however is not related to the field.
To keep out of the calculations the potentials by replacing them by the local kinetic energy is in fact quite general and may be used for all types of one electron perturbations. Being of no influence for the exact treatment, it emphasises the errors in 0 in approximate calculations of molecular properties. This may be considered to be an advantage, if the purpose is to test closely existing wavefunctions rather than to bring about values most adjacent to experiment. For our particular concern, this term comes out quite naturally from the condition div j -0.
What has been said above for the one electron case may at once be interpreted as a formulation in an w-particle configuration space. As we intend to work on an orbital picture, the point is now to break down all the expressions to orbital formulas; we slip this point however, since the general case 9 as well as the case of shielding constants 1 » 12 has been treated in the literature. The result is, provided we neglect the selfconsistency requirement to second order in the total Hartree-Fock energy that all of the above formulas are to be interpreted as orbital equations, the total effects being orbital superpositions. These neglected terms are specific to the SCF-approximation and the admissibility of this neglect remains to be discussed -any theory using local potentials only will not contain such terms. In keeping these "nonlocality" terms, the coupled Hartree-Fock procedure as presented by Lipscomb is reobtained.
The total current density is given by:
with ji from Eqs. (6) or (13). This quantity is invariant with respect to unitary orbital transforma-tions; further, if the set {0i} of groundstate orbitals is an orthonormal one, the perturbed orbitals will be orthonormal to first order.
III. a-and rr-Orbitals in Two Center Systems
Consider the diatomic l E molecules made up from elements of the first row of the periodic table.
Introduce cartesian coordinates (x, y, z) centered at the midpoint of the internuclear distance, the y-axis coinciding with the symmetry axis as well as confocal ellipsoidal coordinates (/u, v, <f) defined by, cf. Fig. 1 , The molecular orbitals (MO's) may be classified as cr-and TT-orbitals. Except the 1 a orbital, which is lowest in energy, all of them do have nodes. In order to apply the (7-function technique, these nodes must be known explicitly. Further, across the nodes, the kinetic energy density, A0/0, should remain finite. This requirement however is not met by the approximate zero-order MO's we have treated, namely the BLMO functions 13 ; more sophisticated wavefunctions do show the same defect. In spite of this irregular behaviour it would still be possible to use the principal values of certain integrals; together with the numerical search for the nodes this procedure will become somewhat clumsy. Apply this idea to the 71^-orbital of the hydride NH or FH. Within the BLMO description, this is simply the p^-orbital of the heavy nucleus. Ignoring the molecular context, this orbital is degenerate with a ^-orbital (pertaining to a spherical symmetric Hamiltonian); consequently Larmor's theorem should be applied, leaving no high frequency term. However, divide the whole space along the nodal plane of this p^-function (B pointing along the z-axis) and vary the /-function for each of the halfspaces separately, thus taking into account the nonspherical character of the situation. Choose / to be approximately
where xq is now the variation parameter. The result for the two subspaces is £ • xo = ±15/8, leading to aP xx /a dxx = -25/16, i.e. antishielding at the nuclear site. The currents conform to the pattern of Fig. 2 ; in the true two-center case the result is more involved.
The angular dependence of g is recognized from Eq. (3d) as
which is reformulated as
when the field is parallel to the nodal plane, and
when the field is perpendicular to the node, g2 being the same function in both cases. The factor V(/u, v) is inserted for convenience, since we are effectively using truncated basis sets, we are free to choose this factor, finally fixed as Ryayt,. This corresponds to some extent to the excitation px -> py.
It is the first term of Eq. (17 b) that is to describe the currents across the nodes, thus modifying the pattern of Eq. (16) and producing large low field shifts, cf. Fig. 3, 4 .
All occuring integrals may be expressed by the exponential integral and related functions. For the integrals containing inverse powers of rt of the relation (2 b), no Barnett-Coulson expansion is needed; the elements of these matrix elements may be generated in a stable recursive fashion.
IV. Results and Discussion
The relevant results of the outlined calculations are presented in Tables 1, 2 and 3. Table 1 contains the "diamagnetic" parts and the t/y-tensorelements, i.e. the properties, if B is parallel to the molecular axis; Tables 2 and 3 The susceptibility units are m 3 /mole (rationalized) throughout. For the low frequency part of depending directly on A, the vectorpotential is chosen around the origin; as regards the shielding, conforming to standard notation the homogeneous circulation around the nucleus under consideration is used.
Resently, values have been reported both experimentally 14 wavefunction, as contains no variation contribution. The BLMO functions -much less: all SCF functions -will have a tendency to underestimate the susceptibility as such functions are too concentrated. A% is by construction a more sensible quantity than is the mean value; the coincidence in Table 2 Pars pro toto we give fuller details for the N2 molecule. Table 4 shows the MO contributions to the averaged integrated properties fo the 7r-shell, the Fig. 3 and 4 illustrate the orbital currents for the lffff MO (by the /-function), the \itUx orbital (by the /-and ^-function respectively), and the total induced currents according to cases A, B and C above in a qualitative manner. The interesting quantity here is the ^-orbital, whose node seems to be almost entirely responsible for the antishielding effect, inferred experimentally from molecular beam data 4 . Comparison of Figs 3b and 3c shows the errors induced by the use of the /-function technique, in particular the absence of the paramagnetic' circulation around the nuclei. The general appearance of Fig. 3c is not changed, if in Eq. (17b) the factor V is omitted or set proportional to (yayb) 2 -The existence of such paramagnetic circulations has been noticed previously for the compound LiH 5a ; we identify their location a posteriori with the position of the node of the 2cr-MO of this molecule. Being far off from the nuclei, they do not influence greatly the shielding constants here. The results are obtained for the rigid Born-Oppenheimer molecules described approximately in the SCF scheme via neglect of the second order selfconsistency requirement and a somewhat restricted variation for part of the c-skeleton. We face the usual disappointing situation in Quantum Chemistry that no error estimates can be given. The quantity upon which this calculation is to be judged is the for historical reasons so called high frequency contribution to the susceptibility, the values presented being upper limits in absolute magnitude. The shielding constants follow from the perturbed wavefunctions by a first order calculation and may be in error in either direction. No gauge dependence has been found on examining special cases.
The neglect of self consistency and the use of the local kinetic energy reduces greatly the labor involved in the integration problem, which is one of the reasons of being of the present calculation, providing at the same time a separation into orbital contributions. Computation times for a molecule are typically one minute on an IBM 7090 time scale. Broken lines indicate contours of constant densities.
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Fig. 4 C
The alterations that couple together the orbital equations are specific to the SCF method ; no such terms will appear in more advanced theories. The opinion has been quoted (J. I. MUSHER) that there is no necessity altogether to perform the more complicated coupled calculations. The main facts about the chemical shifts are apparently incorporated into the uncoupled method, provided we take properly care of the nodes; for fluorine we have found 6F{FH -F2) = -472.5 ppm as compared to the experimental value 18 -596.0 ± 2 ppm.
By far the most intriguing point is the discrepancy found for the case of the BH molecule, which here seems to behave like all the other systems studied, but is predicted by coupled calculations 3 to show a positive mean susceptibility and strong antishielding at the Boron site. Errors such as seen for LiH or Li2 may well be thought of as due to incomplete variation.
The semiclassical treatment of diamagnetic response, for which theory 7 and application have now been given is clearly not capable of explaining the experimental facts. This is not due however to the wrong behaviour of those densities near the nuclei and approaching infinity, but more funda- mentally to the incorrect treatment of the kinetic energy, which is the main defect of the ThomasFermi theory and its improvements -except possibly in the v. Weizsäcker modification 20 .
Relativistic effects are not expected to play an important role here -atomic calculations 21 show at least for light elements no appreciable difference between the Schrödinger and the Dirac treatments.
V. Summary
Several theoretical approaches to the problem of determining the diamagnetic properties of moleculares are shown to be mutually convertible formulations of the steady state condition div j -0, which in an MO-picture may lead to the uncoupled Hartree-Fock perturbation theory. Calculations have been shown to lead to an acceptable over all description of the diamagnetic properties of first row diatomic molecules. The (uncoupled) procedure separates the total effects into orbital contributions; the TT-MO'S have been seen to play a rather particular role.
Owing to some neglects the method is not quantitative in providing a rigorous test of existing wavefunctions; no dependence upon the origin of the vectorpotential subsists in contrast to available coupled calculations.
For principal reasons the semiclassical theory of electronic structure is incapable of explaining correctly the linear magnetic response of nonspherical systems. The formal description is however identical to the quantum-mechanical one.
Most of the time consuming molecular integrals have been held out of the formulation; the computational effort needed is proportional to the number of electrons involved -for given geometry.
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